Apomyoglobin 
G, and H helices present in I, have become more stable in 12 and that a fourth helix-the B helix-has been incorporated into the molten globule. Available evidence is consistent with 12 being an on-pathway intermediate. The data support the view that apomyoglobin folds in a sequential fashion through a single pathway populated by intermediates of increasing structure and stability.
As information regarding early events in protein folding becomes available, attention is being directed towards the enigmatic state known as the molten globule. Molten globules appear as common intermediates in the kinetic folding process of several proteins (1) (2) (3) (4) , and it has been suggested that they may be general folding intermediates (5, 6) . Their structures and the forces that underlie their stability are essential-but largely missing-pieces of the folding puzzle. Apomyoglobin [apoMb; sperm whale myoglobin (Mb) that lacks the heme group] is well suited to address these key issues. Its folding is known to proceed through a molten globule intermediate (low-salt form; I1) that is observed in equilibrium (pH 4) (7, 8) and kinetic (pH 6) (9) folding experiments. The I1 state exhibits properties of a typical molten globule: high secondary structure content as measured by CD spectroscopy, yet little fixed side-chain structure as determined by 'H NMR experiments (i.e., minimal dispersion of side-chain resonances; see Results) . Based on the pattern of exchange-protected amide protons, folding of I1 is largely associated with a subdomain formed by the A, G, and H helices; the remaining helices are disordered (7) . Interest in this equilibrium molten globule is especially high because it satisfies some requirements for being an on-pathway folding intermediate. These requirements are: (i) that it be stable relative to the unfolded protein (U) under folding conditions (8) , ( ii) that it be formed quickly from U (9),
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Although it remains difficult to characterize molten globules, it is clear that they are fundamentally unlike their corresponding native states, with many of the close-packed interactions that stabilize N being lessened or completely absent (10 (12) . Curiously, addition of CCl3COONa results in a significant increase in helicity (13) .
Here we employ CD spectroscopy and amide proton exchange measurements to examine the folding of apoMb in the presence of 20 mM CCl3COONa. With CCl3COONa present, the equilibrium folding intermediate is not I1 but rather is a new species, 12, that is more highly structured and more stable relative to U. Our goal is to characterize the structure of this new partly folded species and to determine its place in a possible hierarchy of folding intermediates. The identity of I2 is established by NMR-monitored hydrogen exchange. The locations of protected protons are similar in 12 and in an intermediate formed immediately after I1 in the kinetic pathway of apoMb folding (pH 6 and in the absence of CCl3COONa), in which the B helix is stabilized (9) . These results support the view that folding proceeds sequentially through a series of intermediates, each with progressively higher stability and structure content.
MATERIALS AND METHODS
Protein Preparation. To obtain high levels of isotopically labeled protein, the Mb gene from the plasmid pMb4l3b [originally a gift from S. G. Sligar (University of Illinois) (14) and modified as described (10) N and largely absent in U, I,, and I2 , although the slight dispersion in the aromatic region of I1 and I2 suggests that small amounts of side-chain structure exist in both species. Subtle changes in 1H spectra further hint at differences in conformation between I, and 12.
Hydrogen Exchange of Intermediates. The two-dimensional 1H-15N spectrum taken at zero time of exchange (not shown) reveals that -50 NH protons exchange slowly enough to serve as structural probes. These probes are distributed among the A, B, C, E, G, and H helices; no information is available regarding the participation of helices D and F in the molten globule. Fig. 4 depicts a representative plot of the loss of proton occupancy as a function of time. As reflected by the difference in decay times, hydrogen exchange provides a detailed and sensitive method for detecting both changes in 5 6 7 8 structure and stability. Exchange data, expressed in the form of protection factors, are summarized in Table 1 . cal'mol-1M-1, respectively. To determine whether protein aggregation contributes to the apparent stability of I2, the experiments depicted in Fig. 2 were repeated with apoMb concentrations ranging from 10 ,uM to 100 ,tM; the resulting curves were superimposable within experimental error (not shown). Unfolding of I, can be fitted to a two-state model (Fig.  2) . The I1 I U parameters are AGO = -2.5 kcal mol-1, m = 1720 cal mol-I M-1, Cm = 1.5 M, although the poorly defined baselines prevent these values from being determined accurately (urea concentrations > 4 M are inaccessible without introducing HCI to adjust pH).
To address the possibility that I2 might be a native-like intermediate or the native species itself, one-dimensional 1H spectra were recorded under unfolded, native, and intermediate conditions (Fig. 3) . Close-packed tertiary structure, which gives rise to local magnetic microenvironments, is manifest in NMR spectra by up-field shifting of methyl peaks, dispersion in the aromatic region, and spreading out of the histidine lHel resonances. All these characteristics are present Cytochrome c provides experimental evidence for such "fast track" folding. When a nonnative interaction between a histidine residue and the heme group is prevented from being formed, folding occurs rapidly and without observable kinetic intermediates (30) . We show here that two different equilibrium intermediates are found in the folding of apoMb; they possess various amounts of native-like structure and exhibit correspondingly different stabilities. If it can be shown that they satisfy the requirements for being on-pathway, this will constitute strong support for a sequential folding pathway and provide a system for delineating its mechanistic details.
Addition of small amounts of CCl3COONa to I (or U) results in a species with higher secondary structure content and enhanced stability. CCl3COONa has no observable effect on Proc. Natd Acad Sci USA 92 (1995) protection factors are significantly lower, however, in the present study. This discrepancy can be attributed in large part to the 75% lower intrinsic exchange rates ofvaline, leucine, and isoleucine used in computing the protection factors in Table 1 (23, 33) . The remaining inconsistency may be caused by the different quenching conditions used in the two studies. Overall, I, appears to be less stable than previously thought, with a maximum A-G-H protection factor of 15. The B, C, and E helices are completely unstructured.
NMR-monitored hydrogen exchange data permit one to analyze changes in stability and structure at the level of individual amide groups. The CCl3COONa-induced changes in I2, detected by CD experiments monitoring acid-and ureainduced unfolding, can now be attributed to two effects. First, the overall structure of I, is significantly stabilized in I2.
Protection factors of residues in the A-G-H subdomain are as high as 660, up by an average factor of 40. Second, the previously unstructured B helix acquires substantial protection in I2, indicating that it has become folded. As in I,, the C and E helices are essentially unprotected. Thus, the apoMb 12 state consists of stabilized A, B, G, and H helices and unstructured C and E helices.
We now suggest a more detailed structural model for 12 based on the exchange data. All available probes in the A-G-H subdomain are significantly protected, and each of these helices contains residues with protection factors in excess of 400. For the most part, residues in the B helix are less protected than those in the A, G, and H helices, and several are unprotected. Furthermore, protection factors in the B helix only increase by an average factor of 20 as a result of CCl3COONa addition. One structure that is consistent with these observations consists of a stable A-G-H subdomain, more closely packed than its marginally stable counterpart in I,, with the B helix loosely associated with it-perhaps beginning to assemble onto this nascent structure. If this is correct, then the arrangement of helices in I2 is likely to be different than in native apoMb because several of the protected B-helix residues in I2 are spatially removed from the A-G-H subdomain in holoMb (Fig. 5) . If hydrogen exchange in I2 is limited by global unfolding and occurs by the EX2 mechanism, then protection factors of _ 104 should be observed, given the value of AG' found from Fig. 2 . The largest protection factor is in fact lower by a factor of 20. Therefore, exchange by mechanisms other than global unfolding, probably like those found in native proteins, must contribute to exchange in I2.
The protected amide protons of the I, equilibrium molten globule share an almost exact correspondence with those of an early kinetic intermediate that is formed within the 5-ms dead time of rapid mixing experiments (9) . A second species, in which all B helix probes are fully protected, appears after -1 s; the remaining helices fold on a slower time scale. The locations of protected residues identify this second species as being similar to the equilibrium intermediate I2. Since folding and unfolding of I2 to N and U is freely reversible, I2 is not the product of a kinetic trap. Furthermore, the high stability of I2 (at pH 4.2 and in the presence of 20 mM CCl3COONa) indicates that it is also stable relative to U under native conditions (i.e., pH 6), although we have not directly demonstrated this point. By these three criteria, 12 is likely to be an on-pathway intermediate.
What stabilizes 12 relative to I? In general, the effectiveness of an anion in triggering refolding of acid-unfolded proteins follows the electroselectivity series-i.e., So2-> CCl3COO-> C104 > NO3 > CF3COO-> Cl- (12) . Together with the fact that only low salt concentrations are needed to induce refolding (<5 mM, Fig. 1 and ref. 13) , this finding strongly suggests that the mechanism by which CCl3COONa stabilizes I2 is charge neutralization by site binding to positive groups. An earlier study, which established an inverse relationship between the stability of the cytochrome c molten globule and the number of groups contributing to positive charge repulsion, provides a basis for this view (34) . These data suggest that apoMb folding at pH 4 is arrested at the I1 stage because unfavorable charge repulsion between positive groups prevents 12 (and hence N) from being formed. It seems paradoxical that CCl3COO-(or some other appropriate anion) is needed to form I2 although CCl3COO-has little effect on the stability of N. This paradox suggests that the factors driving and opposing folding are actually balanced quite differently in I2 and N, even though both folded forms have similar stabilities.
Concluding Remarks. Our results add to the evidence that the folding pathway of apoMb can be described by the following minimal mechanism:
